The western Pacific warm pool experiences the greatest rainfall of any oceanic region on earth. While the SST is everywhere high over the warm pool, there is great spatial and temporal variability in rainfall. Sounding data from the recent TOGA COARE are used to document this variability. In particular, the vertical distributions of heating and moistening at different phases of the 30-60 day or intraseasonal oscillation are determined for different areas within the warm pool.
Introduction
The western Pacific warm pool coincides with the maximum in the global distribution of vertically integrated diabatic heating in the troposphere (e.g., Wei et al. 1983; Masuda 1984) . Unlike the distribution of SST, however, which exhibits a broad, seasonally shifting maximum across the equator in the western Pacific [with a slight cool tongue along the equator near the date line; e.g., Reynolds and Smith (1995) ] the distribution of rainfall is much more variable in time and space (e.g., Taylor 1973; Legates and Wilmott 1990; Spencer 1993) . Annual mean rainfall distributions typically show an east-west ITCZ band near 5ЊN across the Pacific and a band extending southeastward from the warm pool into the Southern Hemisphere along the South Pacific convergence zone (SPCZ) (e.g., Kiladis et al. 1989 ). In addition, there is pronounced temporal variability of convection in the western Pacific, ranging all the way from interannual, annual, and seasonal timescales to the 30-60 day timescale of the intraseasonal oscillation (Madden and Julian 1971) with their associated westerly wind bursts (e.g., Kiladis et al. 1994 ), down to 2-day waves and diurnally modulated convection (e.g., Nakazawa 1988; Chen et al. 1996) .
Determination of this wide-ranging temporal and spatial variability of convection over the warm pool was one of the principal objectives of the recent Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE; Webster and Lukas 1992) . Of interest for this study is the vertical and horizontal distribution of heating and moistening over the warm pool. This subject is important in several regards. First, it has been shown by Luo and Yanai (1984) and others that the differences in the vertical profiles of heating and moistening yield important information about the nature of the precipitation systems, for example, the relative contributions of convective and stratiform rainfall. Also, modeling studies of the Walker circulation (Hartmann et al. 1984 ) and the intraseasonal oscillation (Sui and Lau 1989) have detected an important sensitivity in their models to the location of the height of peak heating. However, additionally, as will be seen in this study, these distributions shed insight into the nature of cloud populations and boundary-layer processes over the warm pool.
In a recent paper, Lin and Johnson (1996b) computed the ''apparent heat source'' Q 1 and ''apparent moisture sink'' Q 2 (Yanai et al. 1973) within the COARE domain. The seasonal, or four-month mean, vertical distributions of Q 1 and Q 2 were found to vary significantly across the domain. In the heavily raining ITCZ and SPCZ, the Q 1 and Q 2 profiles resemble those determined for the western Pacific Marshall Islands region by Reed and Recker (1971) , Nitta (1972) , and Yanai et al. (1973) , namely, positive values throughout the troposphere with the Q 1 maximum displaced above the Q 2 maximum, characteristic of vigorous deep convective activity. However, the seasonal-mean profile of Q 2 centered near the equator within the COARE IFA (Intensive Flux Array) is considerably different from the ITCZ region. Specifically, negative values of Q 2 (indicating moistening) were observed from the surface to 1.5 or 2 km. Since the most prominent occurrences of negative Q 2 were during westerly wind bursts, Lin and Johnson (1996b) speculated that the low-level moistening may be a consequence of vigorous boundary-layer mixing and shallow nonprecipitating cumulus clouds during these high-wind periods, similar to that found in the trade wind belt of the Atlantic (e.g., Nitta and Esbensen 1974; Nitta 1975) . Such nonprecipitating clouds, which are known to be a prominent fixture of much of the tropical western Pacific (e.g., Riehl et al. 1951; Malkus 1954; Malkus and Riehl 1964) were reported by Williams et al. (1996) to have been ''prolific'' over the warm pool during COARE. In this paper, this subject is explored further by examining heat and moisture budgets in greater detail. We find that the tradelike cumulus regimes are not only prominent during the westerly wind bursts but also during suppressed, light-wind periods. Finally, a diagnostic cloud model is used to infer properties of the cloud fields.
Data analysis and procedures
Heat and moisture budgets have been computed for the COARE Outer Sounding Array (OSA) and Intensive Flux-Array (Fig. 1 ) using 6-hourly sounding data for the 4-month Intensive Observing Period (IOP; 1 November 1992 -28 February 1993 . Quality control procedures and other details of the sounding dataset can be found in Lin and Johnson (1996a) . However, in addition to those procedures the raw sounding data from sites with Integrated Sounding Systems (ISSs; Parsons et al. 1994) have been augmented by 915-MHz wind profiler data to fill in for gaps in the ISS Omegasonde low-level winds that arose due to signal problems. The procedure to merge the Omegasonde and profiler winds is described in Ciesielski et al. (1997) . Since our study focuses principally on low-level features, this merging process is considered essential for obtaining reliable diagnoses of the properties of the shallow cloud fields.
In the application of the cloud spectral diagnostic model, the vertical profile of net radiative heating Q R is required. Observed profiles for the full range of atmospheric conditions are not available. In this study, the primary emphasis will be on periods with shallow VOLUME 54 cumulus clouds, although some occasional cirrus and other clouds coexisted with the shallow cumulus. While it is an oversimplification for the problem at hand, we have used the National Center for Atmospheric Research Community Climate Model (CCM2) one-dimensional radiation code (Kiehl et al. 1994) to compute the shortwave and longwave radiative heating profiles at 6-hourly intervals based on IFA sounding, surface, and SST data. Effects of cloud layers are excluded from the algorithm we have used, so there are obvious limitations to this procedure. Nevertheless, the deduced profiles for the days with scattered shallow cumulus and few clouds aloft (characteristic of many of the days) are expected to be somewhat reasonable.
Observed heating and moistening distributions
The apparent heat source Q 1 and the apparent moisture sink Q 2 are computed from the defining expressions:
‫ץ‬p where T is temperature, potential temperature, q mixing ratio of water vapor; c condensation rate, e evaporation rate; ϭ R/c p for R and c p gas constant and the specific heat at constant pressure of dry air respectively, L latent heat of condensation, p 0 ϭ 1000 mb, overbar refers to a horizontal average, and the horizontal eddyflux divergences have been neglected.
The IOP-mean Q 1 and Q 2 profiles (normalized by precipitation rate following Johnson 1984) for the OSA and IFA are shown in Fig. 2 . Values for the Marshall Islands region from Yanai et al. (1973) are shown for comparison. The OSA Q 1 and Q 2 profiles resemble those for the Marshall Islands, except for the smaller amplitude of Q 2 . This difference can be explained by noting that the areas under the Q 2 curves are proportional to 1 Ϫ E 0 /P 0 (E 0 : evaporation rate, 1 P 0 : precipitation rate; Johnson 1984) , which has the values 0.79 and 0.56 for the Marshall Islands and COARE OSA, respectively. In addition, both the COARE OSA and Marshall Islands Q 2 profiles show a minimum near 600 hPa or 4 km, which is associated with an inflection point in the spe-cific humidity profile likely related in some way to the effects of melting (Johnson et al. 1996) .
The Q 2 profile for the IFA, however, contrasts in several ways from those for the OSA and Marshall Islands. First, negative values can be seen below 850 hPa or 1.5 km. Second, the IFA Q 2 profile does not exhibit a prominent double-peak structure, at least for the IOP mean. There are times, however, when the IFA Q 2 profiles do resemble those for the ITCZ and Marshall Islands. An example is during a period of heavy rainfall on 11-17 December (Fig. 3) , just prior to the strong westerly wind burst at the end of December (Gutzler et al. 1994; Kiladis et al. 1994) . Averaged over this one-week period, Q 1 and Q 2 are positive everywhere and the peaks are displaced, indicative of deep convective activity (e.g., Yanai et al. 1973) . A double peak in Q 2 is also present (though not very pronounced). Note from Fig. 3 that both Q 1 and Q 2 are considerably larger than Q R (computed here only for general reference, assuming clearsky conditions) during this convectively active period.
What, then, is the cause of the negative, IOP-averaged Q 2 at low levels within the IFA? To understand this behavior, we examine time series of Q 2 (five-day running means) for the entire IOP. For the larger area, the OSA, Q 2 is mostly positive throughout the troposphere, except for several short periods in November and early December (Fig. 4) . Since from (2),
where p T is the tropopause pressure and p s is the surface pressure (Yanai et al. 1973) , mostly positive Q 2 implies that P 0 exceeds E 0 most of the time. Indeed, this is true, except for brief periods in November and early December (bottom panel, Fig. 4 ). These results are not surprising considering that the area of the OSA is large enough to encompass significant precipitating systems for most of the IOP. In particular, the rainfall in this domain is heavy enough to produce a net positive Q 2 (net removal of water vapor) most of the time, implying a net transport of water vapor into the OSA (P 0 Ͼ E 0 ) on most days during the IOP. In contrast, the time series of Q 2 for the much smaller IFA shows frequent periods of negative values (moistening), particularly in the lower troposphere (Fig. 5) . Note, for example, the strong moistening below 800 hPa during the last two weeks of December and the first two weeks of February. These periods correspond to the two primary westerly wind bursts during COARE, as can be seen from the time series of the near-surface wind speed in the lower panel. It is also evident from the lower panel that E 0 is either approximately equal to or exceeds P 0 during significant portions of these strongwind periods. This behavior is consistent with the apparent moistening (negative Q 2 ) in the lowest 2-3 km in Fig. 5 . As will be seen, this apparent moistening is accomplished by mixed-layer turbulent transport as well as transport by shallow cumulus clouds (e.g., as in the Pacific and Atlantic trade wind belts; see Riehl et al. 1951; Augstein et al. 1973; Nitta and Esbensen 1974; Esbensen 1975; Brümmer 1978) .
Also evident in Fig. 5 is a period of low-level moistening from mid November to early December. During this time, there was little precipitation and light winds (lower panel), except for brief disturbed periods on 24 and 27 November. Note that the maximum moistening (negative Q 2 ) peaked at a higher level (near 700 hPa) during the light-wind period than during the westerly burst periods.
Whether or not apparent moistening (negative Q 2 ) leads to an actual moistening depends on the balance of competing effects, namely, subsidence (which in the mixed layer is associated with dry-air entrainment) and advection. For example, the time series of 1000-700 hPa layer-averaged, IFA specific humidity deviation from the IOP-mean qЈ in Fig. 6 (lower panel) indicates prominent dry anomalies (negative qЈ) during portions of the late December-early January and February westerly wind bursts, seemingly at odds with the negative Q 2 (moistenting) during this period. Noting that the temperature deviations TЈ are small (lower panel, Fig. 6 ), it can be seen from the time series of IFA relative humidity (upper panel) that these low-level dry excursions are principally associated with sharp midtropospheric dry anomalies. Such anomalies have been referred to as dry intrusions into the Tropics from the subtropics or ''dry tongues'' (Numaguti et al. 1995; Yoneyama and Fujitani 1995; Mapes and Zuidema 1996) , apparently associated with perturbations in the meridional wind that accompany mixed Rossby-gravity waves (Numaguti et al. 1995) . However, during the latter part of both westerly wind burst periods, the magnitudes of these negative qЈ values decrease, consistent with the apparent moistening (negative Q 2 ) at these times. The mean profiles of Q 1 and Q 2 for the two westerly wind burst periods (27 December-3 January and 2-10 February; portions of the westerly wind burst periods when ships Kexue 1 and Shiyan 3 were on station) and the suppressed, light-wind period (15 November-5 December) are presented in Fig. 7 . The averages shown are only for those times during these periods when P 0 Ͻ 3.5 mm day Ϫ1 (roughly the average evaporation rate during the IOP) in an attempt to isolate periods with predominantly nonprecipitating cumulus.
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2 For this criterion, the averages in Fig. 7 represent 34%, 67%, and 50% of the total 6-hourly soundings for the DecemberJanuary, February, and November-December cases, respectively. The patterns of Q 1 and Q 2 are similar for all periods: positive Q 1 near the surface with negative values above and negative Q 2 below 500 to 700 hPa. Above 700 hPa Q 1 and Q 2 are both generally small, except in the December-January case near 300-400 hPa. These upper-level positive values reflect the abundance of high clouds present during portions of this westerly wind burst (Velden and Young 1994) . The low-level profiles are qualitatively similar to those determined by Nitta and Esbensen (1974) for undisturbed trade wind conditions during the Barbados Oceanographic and Meteorological Experiment (BOMEX) (Fig. 8) , except that the levels of the maxima and minima differ from case to case.
Integrated budgets for the subcloud and cloud layers (following Betts 1975) for the above three periods are shown in Tables 1, 2 , and 3. Three layers are defined: subcloud layer, surface to 950 hPa; lower cloud layer, 950-850 hPa (850 hPa is the approximate level of the saturation moist static energy * minimum); and upper h cloud layer, 850-700 hpa. Here ∫ (Q 1 Ϫ Q R ) dp represents the convective heating and ∫ Q 2 dp the convective moistening. In the subcloud layer there is an approximate balance between the vertical eddy heat flux convergence and radiative cooling (c is zero and ē is small) during all three periods, as expected for trade wind mixed layers (Pennell and LeMone 1974; Betts 1975; LeMone and Pennell 1976; Nicholls and LeMone 1980) . Also, in the subcloud layer there is moistening during all three periods, but it is greatest during the westerly wind bursts as a result of increased evaporation.
In the cloud layer, the profiles of Q 1 Ϫ Q R in the Atlantic trades (Fig. 8) and during the February westerly burst (Fig. 7b ) are characterized by a cooling aloft and a warming below. This profile is also evident in the integrated heat budget (Table 2) with heating in the lower part of the cloud layer and cooling in the upper part (as in Betts 1975) . Although the vertical divergence of the eddy heat flux in the cloud layer is not small (Nitta and So 1980) , this Q 1 Ϫ Q R profile can in part be explained by an excess of evaporation over condensation in the upper half of the cloud layer and the reverse below. As illustrated in Fig. 8 and confirmed in the diagnostic study of Nitta (1975) , this behavior occurs as cloud droplets, condensed in the lower part of the cloud layer, are carried aloft where they are detrained and evaporated (also see Betts 1975 ). The pronounced moistening in the upper part of the cloud layer is consistent with this explanation. That Q 1 Ϫ Q R in the December-January westerly wind burst and light-wind cases (Figs. 7a,c and Tables 1 and 3) is not quite negative in the upper part of the cloud layer may be an indication of precipitation occurring from some of the warm pool cumuli (despite their shallow depths) or from some deeper clouds in the region. The cloud and subcloud layers are closely coupled because it is the surface evaporation that provides the source for the moistening of the entire layer. For the steady-state tradewind boundary layer, the convective moistening by evaporation and eddy transports is offset by subsidence drying.
These findings suggest that the equatorial western Pacific behaves like the trade wind regime during the convectively suppressed (both strong and light wind) portions of the intraseasonal oscillation. During the lightwind period (14 November-5 December), both moistening and cooling peaks are located in the upper part of the cloud layer (Table 3) and at the same level (near 750 hPa, Fig. 7c ), about 50 hPa higher than for the trade wind conditions in BOMEX (Fig. 8) . This difference may be due to more active shallow cumuli and a weaker (and slightly deeper) trade wind inversion above a warmer sea surface in the western Pacific than in the Atlantic (Johnson et al. 1996) . The Atlantic trade wind cooling and moistening peaks (Fig. 8) are much sharper than those over the warm pool (Fig. 7) , presumably due ∫ Q R dp ∫ (XQ 1 Ϫ Q R )dp ∫ Q 2 dp ) for subcloud layer, lower cloud layer, and upper cloud layer during the DecemberJanuary westerly wind burst (27 December-3 January).
∫ Q R dp ∫ (Q 1 Ϫ Q R )dp ∫ Q 2 dp to the sharper trade inversion which enhances evaporation near the top of the cumulus layer. During the two westerly wind burst periods, significant moistening in the lower part of the cloud layer (Figs. 7a,b and Tables 1 and 2 ) is an indication of the prevalence of shallower cumulus clouds than the lightwind period. These contrasting cumulus regimes may be indicative of the two populations of tropical cumuli proposed by Esbensen (1978) . One type, referred to as ''subinversion'' cumulus by Esbensen or ''forced'' cumulus by Stull (1985) , are dynamically inactive clouds that are principally a reflection of overshooting of mixed-layer eddies. These may be the prevalent type of clouds during the high-wind periods (photographs of these cloud types will be shown later). Another type, ''inversion-penetrating'' cumulus (Esbensen 1978) or ''active'' cumulus (Stull 1985) , experience considerable buoyancy and growth due to latent heat release. This type may predominate during the light-wind periods.
Diagnostic model results
In order to assess the specific roles of shallow-cumulus processes during the westerly wind burst periods, the spectral diagnostic method developed by Ogura and Cho (1973) and Nitta (1975) is used, which is based on the theory of cumulus parameterization proposed by Arakawa and Schubert (1974) . This method has already been applied to shallow cumulus regimes in the eastern Atlantic (Nitta 1975) and East China Sea (Nitta and So 1980) . The cloud model is an entraining plume updraft with detrainment in a thin layer at cloud top. Within this framework, detrainment over a deep layer is accomplished by cloud-top detrainment from a spectrum of cloud sizes. However, observational studies suggest that properties of shallow clouds are more complicated than this, characterized by updrafts and downdrafts and mixing between them (e.g., Malkus 1955; Betts and Albrecht 1987) ; asymmetric growth and detrainment patterns due to wind shear (Telford and Wagner 1980, Perry and Hobbs 1996) , and cloud-top as well as lateral entrainment (e.g., Squires 1958) . Recently, Barnes et al. (1996) found that the life cycle of shallow cumulus is characterized by a growth stage dominated by net entrainment, followed by a decay stage dominated by net detrainment. Since treatment of these effects within diagnostic models is difficult and we wish to compare our results with those of Nitta (1975) and Nitta and So ∫ Q R dp ∫ (Q 1 Ϫ Q R )dp ∫ Q 2 dp Rickenbach) . The photograph shows shallow cumulus with tops near 2-2.5 km (assuming a cloud base of ϳ0.5 km) and higher clouds above. Photograph is one day prior to westerly burst period studied, so may not accurately portray conditions throughout it.
(1980), we retain the Arakawa and Schubert (1974) cloud model framework.
The total mass flux in the clouds M c is expressed by The mass detrainment ␦(p)dp in the layer between p and p ϩ dp is equal to the subensemble mass flux due to clouds, which have parameter between D (p) and D (p) ϩ (d D (p)/dp)dp, so that we can relate ␦ to m B by
B D D dp As shown, for example, by Nitta (1975) , m B () can be obtained from
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where h D is the cloud moist static energy (c p T ϩ gz ϩ Lq) at the detrainment level. In solving (6) it is assumed that the virtual temperature excess at cloud base and cloud top is zero (as in Johnson 1976) . IFA-averaged fields at 6-h intervals during the westerly wind bursts are used in the computations.
a. Late December-early January westerly wind burst
Profiles of saturation moist static energy * and moist h static energy at cloud-top detrainment level h D [from Eq. (15) of Johnson (1976) ] for the period 27 Decem- ber-3 January are shown in Fig. 9 . Evidence of a weak trade inversion can be seen in an ϳ100 hPa layer centered near 800 hPa where * increases with height.
3 h While this inversion is not nearly as strong as the trade inversion during undisturbed periods in the western Atlantic BOMEX region (Nitta and Esbensen 1974, Fig. 4 upper panel; Nitta 1975 , Fig. 4) , it does resemble those observed during disturbed periods of the Atlantic trades (Nitta and Esbensen 1974, Fig. 4 lower panel; Nitta 1975, Figs. 10 and 14) . While the inversion in Fig. 9 is relatively weak, it is still of sufficient strength to retard the growth of cumulus clouds and lead to a tradelike cumulus population over the warm pool (Schubert et al. 1995; Mapes and Zuidema 1996; Johnson et al. 1996) . Compared to other periods of the IOP, the inversion near 800 hPa is particularly strong during the late-December westerly wind burst (Figs. 1a and 7 of Johnson et al. 1996) .
During the 27 December-3 January period, average precipitation over most of the IFA was relatively light as a consequence of extreme vertical wind shear, low-to midtropospheric drying and reduced SSTs (Lin and VOLUME Fig. 11 except for the 2-10 February westerly wind burst. Fig. 9 except for the 14 November-5 December suppressed, light-wind period.
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Johnson 1996a): P 0 averaged Ͻ6 mm day Ϫ1 (Fig. 5 ) although inspection of satellite data indicates that much of the rainfall occurred over the southern part of the IFA. Apart from the abundant mid-and high-level clouds present early in this period (Velden and Young 1994 ) the predominant cloud type was shallow cumulus, as illustrated in the photograph (Fig. 10) from the R/V Vickers at 2.1ЊS, 156.3ЊE on 26 December (one day prior to this westerly wind burst period).
Evidence of this shallow cloud field can be seen in the profiles of mass fluxes, entrainment , and detrainment ␦ averaged over the 34% of the 27 December-4 January 6-hourly sounding times for which P 0 Ͻ 3.5 mm day Ϫ1 (Fig. 11) . Large values of cloud and environmental mass flux, M c and M , can be seen below 900 hPa with the mean mass flux M being a small residual. Entrainment and detrainment both peak near cloud base, but there are secondary peaks between 750 and 820 hPa where clouds lose their buoyancy near the trade inversion. This result is clear evidence of an active tradelike cumulus field during the westerly wind bursts. These findings are very similar to the BOMEX tradewind results of Nitta (1975) except that the detrainment peak for this westerly wind burst over the western Pacific warm pool extends slightly above the inversion, whereas the Atlantic peaks (at least for two out of the three cases presented by Nitta) are slightly below. This difference may be a consequence of the much-weaker inversion over the warm pool, which allows for greater cloud-top overshooting and some detrainment above the inversion.
The heat and moisture balances (Fig. 12) show cooling and moistening due to evaporation of detrained cloud water (ϪLE u ) near cloud top or between 750 and 850 hPa. Detrainment of heat or ␦(s u Ϫ s) (which is a cooling effect in this case since the virtual temperature excess at cloud base is assumed to be zero) is important in the lowest 50-100 hPa of the cloud layer. These detrainment cooling effects are offset by subsidence warming (ϪM c ‫ץ‬s/‫ץ‬p). Detrainment of water vapor ␦(q u Ϫ q) is an important moistening effect near cloud base and cloud top. The combined detrainment moistening effects are offset by subsidence drying (LM c ‫ץ‬q/ ‫ץ‬p). These heat and moisture balance results are qualitatively similar to those of Nitta (1975) and Nitta and So (1980) for other shallow cumulus regimes. They most closely resemble Nitta's (1975) BOMEX Periods 2 and 3 when the trades were disrupted by an upperlevel trough and an organized cloud cluster, respectively (Nitta 1975, Figs. 13 and 19) . During these BOMEX disturbed periods, the trade inversion weakened considerably and some deep convection coexisted with trade cumulus, much as was observed during the COARE westerly wind bursts. This mixture of convective regimes may account for M ഠ 0 during this westerly burst period.
b. Early February westerly wind burst
Mean profiles of * and h D for the period 2-10 Febh ruary (67% of the 6-hourly sounding times) are shown in Fig. 13 . Evidence of a trade inversion again appears near 800 hPa, but it is slightly weaker than during the first westerly wind burst (cf. Fig. 9 ). Another photograph from the R/V Vickers during the February period illustrates the prevalence of shallow clouds (Fig. 14) . Many of these clouds have the appearance of subinversion (Esbensen 1978) or forced (Stull 1985) cumuli that are vertical extensions of boundary layer turbulence. The mass fluxes, entrainment and detrainment profiles (Fig. 15 ) are similar to those before with a secondary peak in detrainment between 800 and 850 hPa.
The detrainment peak is a bit weaker than during the December-January period owing to the slightly weaker inversion. The heat and moisture balances are qualitatively similar to those shown in Fig. 12 , so they will not be presented.
c. Late November/early December suppressed, light-wind period
Mean profiles of * and h D for the 14 November-5 h December (representing 50% of the 6-hourly sounding times) are shown in Fig. 16 . This period was generally characterized by light winds and mostly clear skies. A trade stable layer can again be seen, but it is weaker and about 50 hPa higher than during the westerly wind bursts. Also, below the trade stable layer, the moist static energy at cloud top h D during the light-wind period is about 1 J kg Ϫ1 higher than during the westerly wind bursts. Correspondingly, the SST during the light-wind period was also about 1 K higher (Lin and Johnson 1996b; Weller and Anderson 1996) . A photograph from Xiangyanghong 5 during this period (Fig. 17) shows towering cumulus extending to near the top of the trade stable layer (ϳ2.5 km), with some evidence of spreading and detrainment near that level (e.g., as in Malkus 1954) . The deeper clouds resemble the inversion-penetrating cumulus of Esbensen (1978) or active cumulus of Stull (1985) . The mass fluxes and entrainment and detrainment profiles (Fig. 18 ) are similar to those for the west- erly burst periods except that the upper detrainment peak is about 20-30 hPa higher than those for the westerly wind burst cases.
d. Discussion
The above results for both the westerly wind burst and suppressed, light-wind periods indicate that tradelike cumulus regimes are prevalent over the equatorial western Pacific during the nonprecipitating phases of the 30-60 day intraseasonal oscillation. These findings are consistent with other recent studies (Schubert et al. 1995; Mapes and Zuidema 1996; Johnson et al. 1996) , which show trade-stable layers to be commonplace over the equatorial Pacific. Distinctions exist, however, between the shallow cumuli during light-and strong-wind periods. When winds are strong, there is considerable moistening (negative Q 2 ) in the lower part of the cloud layer (Figs. 7a and 7b) where detrainment rates are large (particularly during the December-January burst, Fig.  11 ), presumably in association with many subinversion or forced cumuli that represent upward extensions of boundary layer turbulence (Esbensen 1978; Stull 1985) . When winds are light, the cumulus are active and extend to a somewhat higher level (as does the trade stable layer), aided by the slightly higher SSTs during lightwind conditions. The profile of Q 2 during this period shows a peak in the upper part of the cloud layer (Fig.  7c) , much like the Atlantic trade wind regime (Nitta and Esbensen 1974) .
Summary and conclusions
Sounding data taken during TOGA COARE reveal a wide range of spatial and temporal variability in the atmospheric heat and moisture budgets. During periods of deep convection, the vertical profiles of the apparent heat source Q 1 and apparent moisture sink Q 2 over the Intensive Flux Array closely resemble those diagnosed elsewhere in the western Pacific ITCZ regions (e.g., Nitta 1972; Yanai et al. 1973 ). These profiles are also similar to the 4-month mean Q 1 and Q 2 profiles for the extensive area represented by the Outer Sounding Array (OSA). However, over the smaller IFA area and on shorter timescales (weeks) the mean Q 1 and Q 2 profiles are strikingly different. In particular, during westerly wind bursts and suppressed, light-wind periods, these profiles are characterized by negative Q 1 and Q 2 throughout much of the lowest 2 km. These profiles resemble those observed in tradewind cumulus regime of the western Atlantic (Nitta and Esbensen 1974; Nitta 1975 ) and the convective mixed layer over the East China Sea during cold air outbreaks (Nitta and So 1980) . However, there are noticeable differences in the shallow cumulus between the strong-and light-wind periods. When winds are strong, there is greater moistening (negative Q 2 ) near cloud base in association with subinversion (Esbensen 1978) or forced (Stull 1985) type cumuli that are, in part, a manifestation of overshooting boundary layer eddies. When winds are light, the cumulus are slightly deeper [''inversion penetrating'' after Esbensen (1978) or ''active'' after Stull (1985) ] and the moistening peaks in the upper part of the cloud layer (similar to the Atlantic trades; Nitta and Esbensen 1974) . Higher SST (by 1 K) and weaker wind shear during the latter period likely contribute to the more active cumuli at that time.
The cloud spectral diagnostic method of Ogura and (1973) and Nitta (1975) has been applied to the study of the shallow cumulus fields during two westerly wind burst periods, 27 December-3 January and 2-10 February, and a suppressed, light-wind period, (Fig. 2) , even if seasonal-average precipitation is approximately the same, is not recommended (see also Lin and Johnson 1996b) . The shallow cumulus play an important role in moistening the lower troposphere-either counterbalancing (in some cases) the strong drying effects of ''dry intrusions'' (Mapes and Zuidema 1996; Numaguti et al. 1995; Yoneyama and Fujitani 1995) or preparing the atmosphere for further deep convection following westerly wind bursts. Clearly, their effects will need to be included (parameterized or explicitly represented) in any realistic simulation or treatment of boundary layer processes associated with intraseasonal oscillations and westerly wind bursts over the western Pacific warm pool.
